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Introduction
Nowadays, rolling stock manufacturers are reducing the weight of railway vehicles while progressively increasing vehicle speed. This tendency has promoted research into the effect of crosswinds on high-speed railway vehicles due to the risk of overturning and issues relating to ride comfort.
The study of crosswinds on railway vehicles can be divided into two separate but complementary issues: the effect of crosswinds on the dynamic behavior of the vehicle; and the aerodynamics, which requires the study of steady and unsteady aerodynamic forces and their interaction with the vehicle system [1] .
One of the main concerns in crosswind research has been the study of the risk of overturning due to high wheel unloading. Andersson et al. [2] showed that crosswinds are the main cause of wheel unloading, with a relative importance of 64%. Moreover, several other authors have studied the effect of crosswinds from a safety point of view. Sesma et al. [3] showed how this process could be analyzed by using a simple 2D model, whereas Carranini [4] focused instead on the parameters that should be included in car models to simulate crosswind effects on the vehicle. Thomas et al. made a major contribution to the state of the art in terms of vehicle dynamics when exposed to crosswinds. Their research in [5] compared different types of wind gusts in order to determine which one produces the highest wheel unloading value. Additionally, in [6] they compared ontrack tests with 2D and 3D models of the real car, showing that although it is difficult to carry out on-track tests with high wind speed values, it is possible to reproduce those tests with computational models.
Even though safety is one of the most critical issues when studying crosswinds, it is also true that crosswinds are on most occasions a comfort issue rather than a safety issue. This is because once the safety standards are met there is a guarantee that those vehicles can run without being at risk of overturning. Some authors, such as Alfi et al. [7] , Conde et al. [8] and Baker et al. [9] have approached this issue from this perspective. The first two articles deal with the improvement of ride comfort when using active secondary suspension, whereas the third article details a comfort test procedure in which a several kilometer track is simulated.
This article continues with the research on the effect of crosswinds on vehicle comfort by analyzing the behavior of a railway vehicle under a Chinese hat wind scenario [10] while running on a curve using a full multibody model. The aim of this work is to show the instability effects that can be caused by crosswinds, which directly influence passenger comfort. The lateral bumpstop effect of the secondary suspension is also analyzed in order to assess its importance on ride comfort.
The article is organized as follows. First the vehicle model, the wind and track scenarios, and the process of how vehicle comfort is analyzed are described. Then the main body of the article presents the analysis of vehicle comfort while running on a curve under the effects of the wind scenario. In addition, the influence that the lateral bumpstop has on curve ride comfort is presented in the last part of the article.
Definition of a multibody model and wind/track scenario for comfort analysis
Prior to analyzing ride comfort on a curved track, the multibody model of the vehicle and the chosen wind and track scenario must be described.
Analyzing a vehicle running on a curve requires the problem to be studied in 3D, so only a full multibody model can be used (see [11] for another example). The model has 23 bodies and 44 degrees of freedom. The aerodynamic forces, which are represented in Fig. 1 , have been computed by taking into account the coefficients provided by the annex of standard EN 14067-6 for an ICE3 train. The carbody, bogies and wheelsets each have six degrees of freedom. The primary suspension consists of vertical and lateral linear springs and dampers. The secondary suspension was built in vertical, lateral and longitudinal directions, and linear and non-linear springs and dampers were taken into account. In addition, torsion springs were added to the full model. However, the model parameters were estimated in order to have a "generic high speed vehicle", and they do not correspond exactly to any existing train. The model includes the standard S1002 wheel profile, and the rail profile is UIC60 with an inclination of 1:40. The wheel-rail forces were calculated by means of Kalker's FASTSIM algorithm. Multibody simulations with a multibody model were run with the commercial MBS SIMPACK code [12] .
The track used in the model is fully described in Table 1 . The curve radius and the cant in the curve were chosen according to the regulation provided by the Spanish railway administrator ADIF. The values selected are the minimum established by ADIF for the case of a new line and have a nominal speed of 300 km/h, which is the vehicle velocity used to study vehicle dynamics.
The scenario begins and ends with a tangent track. In between, there is the curved track with a constant 5350 m radius and a cant height of 140 mm. The curved section is connected to the tangent tracks by a transition track, where both the cant and the radius increase linearly. In terms of wind direction, in order to create the most critical loading case the wind attack angle was set to 90 degrees along the whole scenario. Because wind forces act in the same direction of the centrifugal force, the effects of both the wind and the curve were added. Finally, the Chinese hat wind scenario begins and ends when the vehicle runs on the constant radius curve (see Fig. 2 ). The standard [10] defines this gust model as an input for multibody model simulations. The full wind scenario includes a linear rise to the base level of wind (18m/s in Fig. 2 ) when the train is loaded in steady state. The rise of the wind speed corresponds to the Chinese hat scenario that represents the wind gust. After reaching the maximum wind speed, it decreases again to the previous base level, also following the Chinese hat function. We then use another time period with constant wind loads. Lastly, we make a linear decrease to zero wind speed in order to complete the scenario. The wind scenario was considered a 'discrete event'. Time signals of the non-compensated acceleration were extracted from the simulations. Two sensors provided the signals; one was located at the front-end of the passenger compartment above the bogie, and the other was located in the geometric center of the same car. Time signals were filtered using a low-pass 2nd order Butterworth filter with an upper corner frequency of 2.52 Hz.
The results presented in the following sections compare three load cases created by three different wind velocities: 20 m/s, 25 m/s and 30 m/s. These wind scenarios are compared to a fourth scenario with no wind. The purpose of the experiment is to check the stability and comfort of the vehicle running on the curve with no wind and to show that the hunting oscillation does not appear until the crosswinds reach a certain speed.
Vehicle comfort while running on a curve when there are crosswinds
Although the aim of the article is to analyze the effects of crosswinds on vehicle comfort, it seems logical to first check the value of the wheel unloading ratio in order to dismiss the possibility of reaching the maximum value set by the safety standards. Fig. 3 shows the time signal of the wheel unloading ratio. The value of this ratio was close to 0.1 when the vehicle ran with no wind. This measurement seems reasonable since the value of the curve radius was set to keep the vehicle stable, with low values for the wheel unloading ratio and the derailment factor. Obviously, wheel unloading increases with wind speed, with 0.75 being the maximum value; therefore, there is still certain margin until the limit value (0.9) is reached. The vehicle is stable with a wind speed of 20 m/s; however, it is somewhere near 22 m/s when the instability becomes noticeable (not represented in the figure). The time signal already indicates the instability with a wind speed of 25 m/s, which only increases when the speed is 30 m/s. A Fast Fourier Transform (FFT) of the signals reveals that the frequency matches the natural frequency of the vehicle's hunting oscillation. Comfort is qualitatively assessed by using the information from the lateral non-compensated accelerations represented in Fig. 4 , setting the no-wind scenario as a reference. Both the track layout and the vehicle satisfy the standards for maximum lateral accelerations since the restriction from the ride comfort standard is to keep accelerations below 0.6 m/s2 for high-speed vehicles when there is no wind scenario.
The 20 m/s wind speed case increases the acceleration value, but it is still within the limits, even though the maximum value is 0.9 m/s2 when the gust of wind hits the vehicle. However, this acceleration is not considered since instant values do not fall within the scope of comfort standards. The 25 m/s and 30 m/s wind speed cases cause the average value of the accelerations to be above the limits, and they also result in high peak-to-peak acceleration values. Leaving aside the influence of frequencies on comfort, peakto-peak values are significant since passengers feel both the average value and the amplitude of accelerations. This means that the worst comfort indexes are reached, not only because of higher average values, but also as a result of having higher acceleration amplitudes. Since the peak-to-peak values increase by 0.3 m/s2 and 0.4 m/s2 in the 25 m/s and 30 m/s wind speed cases, the comfort index will be substantially worse in comparison with the 20 m/s wind speed case.
Thus, according to the results in Fig. 4 , we can conclude that crosswinds can also become a source of instability that significantly reduces ride comfort. Fig. 5 and Fig. 6 provide more information about vehicle instability by analyzing the signals from two different vehicle points and the displacement of one wheel-rail contact point.
When the vehicle runs on tangent track, the sensor located in the front-end records the same acceleration level as the center sensor. However, on curved tracks, passengers located near the front-end of the compartment always have worse ride comfort (see Fig. 5 ). The reason for this behavior is that the leading bogie is always more unstable, which means that positions near the front-end lead to higher peak-to-peak values. Taking the 30 m/s wind speed scenario as an example, the peak-to-peak value at the front-end of the carbody increases up to 1 m/s2, which is 0.6 m/s2 higher than the value measured at the center of the carbody. This means that the increase of the peak-to-peak acceleration value equals the limit value of the non-compensated acceleration given by the CEN standard. Nevertheless, as expected, the average acceleration value does not change between the front-end and the center of the carbody.
The increase in instability can be easily observed in Fig.  6 , which represents the displacement of the contact point at the wheel's tread. The coordinate system is defined with the Y-axis pointing to the flange, i.e. positive values denote that the contact point is moving towards the flange.
The contact point moves towards the interior of the curve when there is no wind loading the vehicle. Once crosswinds begin to load the vehicle, the contact point changes direction, moving towards the flange. As previous figures showed, the 20 m/s wind speed case showed no hunting oscillation, and, in fact, the contact point describes a stable movement along the whole scenario. Fig. 6 shows that the larger the loads, the more unstable the contact point movement along the tread becomes, with amplitudes increasing as the wind loads increase. In the 30 m/s wind speed case, the contact point moves up to the limit of the thread, reaching flange contact in the instant when the gust of wind appears (around second 28). Since the wheel unloading ratio limit was not reached in any of the presented load cases, we expect to have severe flange contact during the times when wind loads are constant (between 12 s to 28 s and from 32 s to 47 s), if larger loads are introduced in the model. When the wind speed is 30 m/s, the contact point already reaches the limit of the wheel's tread, and since there is still room to increase the wind loads until the wheel unloading reaches 0.9; the instability of the vehicle will also increase. The leading wheelset will then describe an unstable movement in which the wheels' flanges at both sides will make contact with the rail.
Simulations showed that the vehicle instability explained above is caused by the effect of the added stiffness of the lateral bumpstops of the secondary suspension. These components have a non-linear stiffness characteristic, so the value of the stiffness depends on the lateral deformation of the suspension element. In addition, these bumpstops have a +/-25 mm clearance (stiffness 0 N/m). The element begins to introduce stiffness to the model for displacements larger than 25 mm, and the bumpstop reaction force progressively increases until the suspension is blocked (limit of bumpstop deformation). The suspension cannot be deformed by more than 60 mm (lateral deformation from a centered position) since the lateral stiffness introduced by the element is very high (stiffness 230 000 N/m). Fig. 7 shows that in the case of a vehicle running on a curve without wind, the lateral displacement of the bumpstop is 25 mm, which means that the element is not yet working. For low wind speeds, such as 20 m/s, the vehicle does not hunt even though the lateral deformation of the bumpstop is quite high (52 mm) and the bumpstop is already increasing the overall lateral stiffness of the vehicle. By increasing the wind speed up to 25 m/s, the vehicle is already hunting when the wind loads are constant and the lateral suspension is not blocked. For this wind speed, the bumpstop only gets blocked with the wind gust. However, the suspension is blocked during the whole wind scenario when the wind speed is 30 m/s. 
Influence of lateral bumpstop on vehicle comfort under crosswinds
This sub-section deals with the effect of one specific vehicle component, the lateral bumpstop of the secondary suspension on the vehicle comfort under different crosswinds scenarios.
The standard configuration of this component sets the maximum deformation of the vehicle's lateral bumpstop at 60 mm. If wind loads are high enough, the limit can be reached and cause passengers to feel unexpected discomfort. A suitable solution for this problem could be to increase the maximum deformation of this component. If this change is made, comfort improves but the downside is that the lateral displacement of the carbody increases and gauge problems can appear. Consequently, the solution should meet both gauge and bumpstop deformation requirements.
The multibody model had four lateral bumpstops: two on each bogie. The results presented here refer to the bumpstop located on the front bogie as simulations showed that it was the most critical. The sensitivity analysis discussed herein consisted of modifying the available lateral deformation and clearance but not modifying the stiffness of the bumpstop. This led to three different hypotheses, named by referring to the value of maximum deformation before blocking (see Fig. 8 ): the standard configuration (bumpstop blocked at 60 mm), bumpstop blocked at 45 mm and bumpstop blocked at 75 mm. By increasing the maximum lateral deformation of the element to 75 mm for example, the displacement where the lateral stiffness is zero (clearance) was also increased by 15 mm. Fig. 9 shows a comparison of the non-compensated acceleration signals obtained when the vehicle runs on a curve. The chart compares the scenario where there are no crosswinds with the results of the scenario where the stiffness of the bumpstop was modified for the 30 m/s wind speed case. In the latter case, the accelerations obtained with the nominal value (suspension blocked at 60 mm of lateral deformation) are compared with the effect of reducing the maximum deformation to 45 mm, and also when the bumpstop blocks are at 75 mm. By decreasing the allowed deformation of the bumpstop, the element operates at deformations corresponding to higher stiffness values, which indirectly increases the overall lateral stiffness of the vehicle. Results show that comfort is drastically reduced when the bumpstop blocking is set to 45 mm, since the peak-to-peak acceleration values increase, with the maximum amplitude being almost 1.6 m/s2. In this case, the element operates with the suspension blocked during the whole scenario, increasing the amplitude of the hunting oscillation in comparison to the 'standard configuration' hypothesis. Conversely, by allowing the bumpstop to become deformed up to 75 mm, the bumpstop operates at deformation values where the lateral stiffness is lower and the vehicle stops describing the hunting oscillation.
Simulations were also performed in order to account for the variation of the wheel unloading ratio after modifying the maximum deformation of the bumpstop from its nominal value (60 mm). The variations are small for both the tangent track and the curved track. However, the wheel unloading ratio is slightly more sensitive to variations when the vehicle runs on tangent track, although the differences do not seem very important and can be considered irrelevant.
By increasing the maximum displacement of the bumpstop, the vehicle's behavior in crosswinds improves and the hunting oscillation is most likely avoided. Simulations showed that the maximum percentage of the lateral displacement of the carbody's CoG is less than 10 per cent, which could be considered safe enough to avoid exceeding the gauge limits stated by the standards.
Conclusions
This article shows that crosswinds can have an effect on passenger comfort as well as on the risk of the vehicle overturning when running on curves. The lateral noncompensated accelerations were used to assess the vehicle comfort levels for the Chinese hat wind scenario for three different wind velocities-20m/s, 25m/s and 30m/s-which were then compared with the no-wind scenario. The vehicle shows stable behavior on curves at 20m/s, although for a 25m/s wind velocity value the vehicle is already unstable.
Results show that crosswinds can become a source of instability, which significantly reduces ride comfort, even when the wheel unloading ratio is well below the limits set by the safety standards. Thus, there can be comfort problems before there is any risk of overturning. Moreover, when running on curved tracks, positions near the leading end of the carbody always have worse ride comfort. Simulations confirm that this vehicle instability is also caused by the effect of adding the stiffness of the lateral bumpstop from the secondary suspension to the lateral stiffness of the whole vehicle, since the grouping effect of curve and crosswinds led to the activation of the most rigid part of the lateral bumpstop.
In addition, by changing the deformation/stiffness characteristics of the bumpstop the hunting oscillation can be avoided, although this might involve gauge problems. Thus, other options such as increasing the lateral stiffness of the secondary suspension, modifying the stiffness characteristics of the first part of the bumpstop curves, or including active secondary suspensions devices (centering systems), could be analyzed in order to deal with this drawback.
